A cyclodextrin aldehyde based molecularly imprinted polymer with thermally responsive Diels-Alder (DA) linkages of grafted furan-type dienes was polymerized. The synthesized DA-MIP has dienophile characteristics and the specific absorption of ethyl carbamate (EC) can be switched on or off simply by thermal adjustment to 130 C and 60 C, respectively. The imprinting factors (a) of the MIP and rDA-MIP to EC were 6.2 and 5.0, and the selection factors (b) were 5.2 and 4.0, respectively. The restoration of the molecular target ratio was 88%, as determined by absorption and desorption experiments. The thermal restoration ratio, determined by thermal cycling experiments, was 78%. A new electrochemical sensor was prepared using the DA-MIP and its responsiveness for detecting trace amounts of EC was investigated. The results indicate that the electrode response has good affinity and excellent specific recognition performance for template molecular chemicals.
Introduction
Ethyl carbamate (EC) is a typical example of a carcinogenic carbamate compound, which has been found in fermented drinks such as wine and other alcoholic beverages.
1-3 Since 2002, the World Health Organization has made EC a key monitoring substance. At present, the standards for limits on EC content in imported wines, spirits and other liquors have correspondingly set EC content as a critical technical factor in international trade. 4, 5 Therefore, rice wine related products will face testing challenges during trade, in which the detection of EC content is one of the critical factors. [6] [7] [8] In the literature, several methods have been developed for determining EC, including high performance liquid chromatography (HPLC), gas chromatography (GC), liquid chromatography-mass spectrometry (HPLC-MS-MS) and gas chromatography-mass spectrometry (GC-MS). These methods have major drawbacks as they make it very difficult to detect trace amounts of EC in high cost fermented drinks.
9-11
At the same time, traditional rice wine with its characteristics of high temperature decoction, low temperature brewing and being consumed at room temperature will be inconvenient for EC detection. Therefore, it is essential to develop technology with an online real-time measurement system to avoid the problems that require xed temperatures to accurately reect the content of EC.
12
Molecular Imprinting Technology (MIT) is a form of biomimetic Molecular Recognition Technology which simulates the molecular recognition of antigens and antibodies in nature. [13] [14] [15] Template molecules interact with functional monomers to produce stable polymers by intermolecular interactions that utilize the chemical cross-linking reaction. By eluting the template molecules, a molecular imprinted polymer (MIP) is produced which retains binding sites and holes [16] [17] [18] [19] [20] that exactly match the size and shape of the original template, and such structures are like locks and keys. MIPs prepared by conventional methods exhibit high specic selectivity, strong stability and wide utilizations in chromatographic separation, solid phase extraction, simulated enzyme catalysis and membrane separation. [21] [22] [23] [24] [25] At present, the preparation of intelligent molecular imprinting sensors for electrochemical sensing is an innovative frontier in MIP material science, and combining the specic recognition performance of MIPs with the detection sensitivity of electrochemical sensors has become an active eld in new sensor research.
Using a covalent method, this work utilizes the thermal reversibility of the Diels-Alder reaction [26] [27] [28] [29] [30] [31] to prepare a novel kind of temperature-sensitive molecular imprinting polymer material and the specic imprinting absorption can be switched on or off by the incorporated thermally reversible Diels-Alder reaction. The present work is in accordance with the development trend of molecular imprinting technology, and also takes into account the existing difficulties in the enrichment of ethyl carbamate. Molecularly imprinted polymers that have the advantages of specic recognition, structure-activity reservation, temperature sensitivity and environmental stability are expected to play a critical role in EC detection assays, enrichment and efficient reduction. Hence, it is momentous to carry out research on this new intelligent molecularly imprinted polymer of EC.
Experimental section

Reagents and chemicals
Triethylamine, Na 2 CO 3 , Al 2 O 3 , anhydrous CaCl 2 , sodium ethoxide, KH-560, 2-iodoyl benzoic acid (IBX), N,N-dimethylformamide (DMF) and furoyl chloride were purchased from Energy Chemical. Silica gel, urethane, methyl carbamate, tertbutyl carbamate and maleimide were obtained from Saun Chemistry. Methylbenzene, acetone, diethyl ether, dimethyl sulfoxide, graphite powder, potassium iron(III) cyanide, monometallic sodium orthophosphate and disodium hydrogen phosphate were purchased from Hangzhou Dafang Chemical Reagent Factory. All chemicals were of analytical grade. All aqueous solutions were prepared with distilled water (18.2 MU, Millipore, Bedford, MA).
Apparatus
The infrared absorption spectra of coatings were obtained between 400 and 4000 cm À1 using a FTIR spectrophotometer (Japan Shimadzu company/IR Prestige-21). Samples of MIP and DA-MIP were measured using crosspolarization/magic angle spinning (CP/MAS) to obtain 13 C NMR spectra on an AVANCEII/400 MHz nuclear magnetic resonance spectrometer. The 4.88 Hz resolution 13 C CP/MAS NMR spectra were obtained using a magic angle spin speed of 3.8 MHz and an observation frequency of 75 MHz, with 696 cumulative scans and 8192 acquired data-points. Amino acetic acid was used as a reference substance for the chemical shis.
Morphology analysis was conducted using a Scanning Electron Microscope SSX-550 (Shimadzu, Japan) and samples were sputter-coated with gold using an SS-550-IC type sputtering device.
Thermo Gravimetric Analysis (TGA) was carried out using a TA Q500 Thermo Gravimetric Analyzer under a N 2 ow of 60 mL min À1 and was heated from 25 C to 700 C at a constant heating rate of 10 C min À1 .
Samples of the DA-MIP, rDA-MIP and MIP were analyzed using differential scanning calorimetry (DSC, DSC200F3, Netzsch, Germany). The conditions of the DSC measurement were as follows: sample mass: 3-5 mg; heating rate: 10 C min À1 ; and nitrogen atmosphere (ow rate: 60 mL min À1 ).
The HPLC (Agilent-1200, Keysight, China) system consisted of an Agilent HC-C 18 column and was performed at 30 C. The mobile phase was acetonitrile : water ¼ 80 : 20 (4 volume ratio).
The ow rate was maintained at 0.5 mL min À1 and 10 mL injections. Electrochemical and cyclic voltammetric (CV) measurements were performed using an Electrochemical Workstation (Shanghai Chenhua Instruments Co., Chinese).
Synthesis and characterization of the DA-MIP
Details of the synthesis and characterization of the MIP and DA-MIP materials is available in the ESI, S1. †
HPLC analysis
The HPLC (Agilent-1200, Keysight, China) system consisted of an Agilent HC-C 18 column. HPLC chromatography was performed at 30 C. The mobile phase was a mixture of acetonitrile and water with an 80 : 20 volume ratio. The ow rate was maintained at 0.5 mL min À1 and 10 mL injections.
Methyl carbamate (MC), ethyl carbamate (EC) and tert-butyl carbamate (BC) (0.1, 0.2, 0.4, 0.6, 0.8 and 1.0 mg L À1 ) were prepared by diluting the solute in methanol. To obtain a standard curve, 10 mL of each solution was injected into the HPLC system and the area under the curve (AUC) for each peak was plotted versus the standard sample concentration. 2.4.1 High performance liquid chromatography detection for template molecular concentration. The template molecular (MIP, DA-MIP, NMIP) solution was freshly prepared by transferring 20 mg of template molecule, accurately weighed, to a 10 mL centrifuge tube (5 copies per sample) and methanol/EC was added to each sample. Aer mixing for 24 h and centrifuging, the upper layer was ltered through a 0.22 mm Millipore membrane lter and analyzed using HPLC.
For this assay, 0.02 g of MIP, DA-MIP, rDA-MIP and NMIP were accurately weighed and dissolved in methanol (5 mL) which had different concentrations of EC, BC and MC, respectively, before being added to a centrifuge tube. Aer mixing for 24 h, each sample was centrifuged. Then, the upper layer was transferred to a new tube and each concentration was injected into the HPLC system. All determinations were conducted in triplicate.
The amount of absorption can be written as follows:
); C 0 and C e represent the initial and nal concentrations of the substrate (mmol L À1 ), respectively; W -mass of polymer (g); and V -absorption volume (mL). Consequently, the imprinting factor, a, and selection factor, b, can be written as follows:
where Q MIP is the absorption amount of the molecularly imprinted polymers on the substrates and Q NMIP is the absorption amount of the no-treatment control group on the substrates.
Preparation and performance tests of the electrochemical sensor
50 mg of n-eicosane was put into a porcelain crucible, with a 45-50 C water bath, mechanical stirring and heated to melt, then graphite powder (10 mg) and the MIP (10 mg) were added. Aer stirring, the mixture was lled into a polyvinyl chloride (PVC) tube with a diameter of 3 mm and nally, a graphite electrode (MIP-GE) was obtained. The MIP-GC electrode was polished with 0.3 and 0.05 mm Al 2 O 3 and ultrasonicated in secondary water, anhydrous ethanol, and secondary water again (5 min per time), then dried at room temperature. DA-MIP-GEs, rDA-MIPGEs, NMIP-GEs and bare electrodes (bare-GEs without any molecularly imprinted polymer) were prepared using the same procedure as described above. Cyclic voltammetric (CV) measurements were recorded by applying a potential from À0.2 V to +0.6 V in 5 mmol L À1 of The detection performance of the EC modied electrode was investigated by using differential pulse voltammetry in 0.01 mol L À1 PBS (pH ¼ 7) to obtain the peak current I 0 of the MIPII-GE; the MIP II-GE was immersed in PBS solution at concentrations of 0.1, 0.2, 0.5, 1, 1.5, 2 mmol L À1 . The peak current of the MIPII-GE was obtained using DPV. Using eqn (4), 34 the EC sensor imprinting efficiency (I%) can be calculated.
The response of the electrode to EC can be measured by repeating the above operation.
Results and discussion
Synthesis and reaction mechanism of production
The synthesis of the imprinting polymer was carried out as follows. First, a silane coupling agent was chemically graed onto the surface of silica gel. Then, IBX oxidized hydroxyl groups of C2 in cyclodextrin to obtain a cyclodextrin aldehyde. Finally, the furan ring was graed in the 6th position of the cyclodextrin aldehyde to obtain DA-MIP (see ESI Fig. S1 †) .
Imprinting ethyl carbamate was synthesized based on the Schiff base reaction and epoxy chloropropane was crosslinked with b-cyclodextrin. Aer the template was eluted, the MIP was obtained. The furan-ring functioned MIP and maleimide were reacted to block the eluted pores by the Diels-Alder (DA) reaction, to obtain the DA-MIP without imprinting function. [26] [27] [28] [29] [30] [31] The MIP and maleimide were lled with the eluted pores by DielsAlder (DA) reaction to prepare a DA-MIP with weak imprinting function, and the DA-MIP can be used as a raw material for preparing the imprinted polymer rDA-MIP. The synthetic route is shown in Fig. 1 In the FT-IR spectra of the silica gel-KH-560, the peaks at 2990 cm À1 and 1050 cm À1 are due to methyl C-H and C-O-C stretching, respectively. In addition, the peak observed at 922 cm À1 was ascribed to an epoxy group.
For the MIP, the peaks at 3670 cm À1 and 1722 cm À1 correspond to -OH and C]O stretching, respectively. The two peaks at 1210 cm À1 and 1076 cm À1 correspond to furan ring C-O-C symmetric stretching vibrations and asymmetric stretching vibrations, respectively. The peak at 2160 cm À1 is ascribed to the furan ring which contains a system of conjugated double bonds. The peak at 1510 cm À1 is attributed to the carbon ascribed as the characteristic peak of the DA bond 37 appeared, while other bone structures in the silica gel were still retained.
The IR spectra of b-cyclodextrin and its derivatives are shown in Fig. S2 (see ESI †) and these results indicate that b-CD-CHO and furan-b-CD-CHO were successfully synthesized (more details in the discussion, see ESI S2 †.).
3.2.2 The 13 C-NMR characterization of MIP and DA-MIP.
Nuclear magnetic spectra are shown in Fig. S3 (see ESI †) and the main peaks are shown in Table S2 3.2.3 Scanning electron microscopy. A morphological study was carried out using a scanning electron microscope (SEM) to observe changes on the surface and within the microstructure of silica gel, before and aer the chemical reaction. Fig. 3a shows that the surface of the initial silica gel is uniform, delicate and dense. Fig. 3b displays SEM images of the MIP, which shows surface modication with pores and the average pore size is much larger. This revealed that MIPs contain cavities aer the elution of template molecules. A more uniform surface morphology with few pores is observed in the DA-MIP (see Fig. 3c ), which indicates that the retained pores aer elution are repaired in a large area. Comparing Fig. 3c with Fig. 3d showed that the surface morphology of the rDA-MIP became loose and had a relatively larger average pore size than that of DA-MIP. 39 These results revealed that the imprinted cavities were exposed due to the rupture of a DA bond aer the heating of the DA-MIP and indicated the formation of a rDA-MIP. Fig. 4 shows the DSC curves of MIPs, DA-MIPs, and rDA-MIPs. The DA-MIP exhibited an endothermic peak at about 130 C, which implied the fracture of the Diels-Alder adduct bonds. [40] [41] [42] There was no endothermic peak in the whole temperature range for the MIP because the DA reaction is absent in the MIPs. Aer the reverse DA reaction, the DA bond breaks, and no endothermic peaks appear in the measured temperature range, indicating the presence of DA bonds in DA-molecularly imprinted polymers. It should be noted that Froidevaux et al. found that, compared to the DSC method, the 1 H NMR method can detect Diels-Alder or retro-Diels-Alder reaction kinetics and temperatures more precisely. As shown in Fig. 5 , for the MIP and rDA-MIP, EC uptake increased sharply in the initial stage and then became slower, nally reaching an equilibrium platform. This phenomenon may be due to the fact that, initially, all active sites on the MIP composite surface were vacant. Compared with the MIP, the absorption trend of the rDA-MIP is almost the same, but the absorption capacity is reduced. This is due to the decrease in absorption sites by the reverse DA reaction. The absorption capacity of both the DA-MIP and NMIP was signicantly lower than those of the MIP and rDA-MIP and as we know, the absorption capacity depends on the spatial structure and binding sites. The NMIP does not have the space structure and binding site of the DA-NMIP, making it lose the ability to bind to template molecules due to the DA reaction. 3.4.2 Specic absorption and molecular recognition. Fig. 6 shows absorption quantities. It can be observed that by using the MIP as the adsorbent, the absorption of EC is much larger than that of MC and BC. The MIP presents a specic affinity of absorption for the template (i.e. EC). Apparently, the specic imprint within MIP plays a critical role in specic absorption. When using rDA-MIPs as adsorbent, there is also a remarkable difference when comparing EC, MC and BC. Its absorption capacity for EC is only slightly lower than that of the MIP. As discussed in the previous section, the rDA-MIP recognition capacity recovered incompletely compared with the molecular imprinted polymer because of the residues of part DA bonds by the DA reverse reaction. In comparison, the DA-MIP showed a very poor absorption capacity for EC. This result showed that by introducing the Diels-Alder reaction into the MIP material, its molecular imprint specic absorption can easily be switched on or off using special temperatures.
It can be seen from Table 1 that the Q MIP value of EC is obviously greater than those of its analogues. It is found that by using the MIP as an absorbent, the absorption of EC is much larger than that of MC and BC. The MIP presents a specic affinity of adsorption of the template (i.e. EC). Apparently, the specic imprint within the MIP plays a critical role in specic adsorption. When using rDA-MIP as an adsorbent, there is also a remarkable difference when comparing EC, MC and BC.
The kinetic information obtained from adsorption experiments indicates that the MIP and rDA-MIP have good specic adsorption properties. At present the kinetics of the binding are still not very clear, and the results suggest a need for further investigation into this phenomenon. More details about the absorption standard curve, kinetics, and the absorption model and discussions can be found in the ESI, S4. † 3.5 Performance research on the recyclability of the rDA-MIP Aer elution, the MIP was soluted in EC methanol at a constant temperature and shaken for 24 h. In a limited time, the absorption-stripping ability of the MIP was re-run 5 times 32, 43, 44 and the restoration ratio is illustrated in Fig. S10 (see ESI †) . The amount of absorption was measured and compared with that of the MIP by repeating the DA reaction and reverse DA reaction according to the method described in Section 2.2.
It can be seen from Fig. S10 † that there was around a 3% drop in absorption capacity aer each recycling procedure. The absorption-stripping ability of the MIP was tested 5 times in the experiment and it was found that the recovery rate was still maintained at 88%. This revealed the good renewable absorption performance of the MIP and a renewability test also revealed that the rDA-MIP is quite stable. It can be observed from Fig. 7 that, compared with the MIP, the absorption capacity of rDA1 decreased to 85% of the original and aer three cycles, the rDA3 absorption decreased to 78% which indicated that the rDA-MIP still has good specic absorption performance aer several recycling procedures. There is no signicant change in absorption capacity between DA1, DA2 and DA3. That indicates that although the DA reaction may affect the absorption performance of the rDA-MIP in some sense, the thermal cycle has little effect on the DA-MIP.
3.6 Detection sensitivity of the molecularly imprinted sensor 3.6.1 Scanning results of different electrodes using cyclic voltammetry. Fig. 8 shows the CV responses of different electrodes. The voltammograms are stable in subsequent cycles with an anodic-to-cathodic peak current ratio of 1.0. This indicates the chemical reversibility of the process. 45 The maximum peak of ion current was probed in the MIP-GE electrode due to the formation of pores in the MIP and the active sites of absorption on the electrode surface are enhanced. The peak ion current of the DA-MIP-GE electrode decreased signicantly, because the imprinting pores were lled-up by the DA reaction. In comparison, the peak current of the rDA-MIP-GE is just slightly lower than that of the MIP-GE. This indicates that the inverse DA reaction basically restores the original pore structure of the MIP. The lowest peak current was that of the bare-GE, which has a smooth surface, thereby hindering the redox reaction of [Fe(CN) 6 ] 4À/3À .
Since NMIP does not add template molecules, there will be no imprinted holes and active sites and the surface structure of the prepared electrode has no obvious difference compared to that of the bare-GE. Therefore, the difference between the NMIP-GE and bare-GE in terms of the peak current is not signicant.
More discussion about the electrochemical results can be seen in the ESI, S5.1 to S5.3. † 3.6.2 Differential pulse voltammetry (DPV). The absorption performance of EC was analyzed according to the Experimental section, and the results are shown in Fig. 9 . Fig. 9A shows that the peak current increased signicantly with increasing concentrations of EC. The response sensibility of different electrodes for constant concentrations of EC is illustrated in Fig. 9B . MIP-GE (curve a in Fig. 9B ) has the highest response current to EC and this result is in accordance with the characteristics of the specic absorption of MIP to EC. The response of the DA-MIP-GE (curve c) to EC was signicantly reduced. This phenomena demonstrated that the DA reaction which reduced the recognition sites hinder the mass transfer process. Although when compared with the MIP-GE the current intensity was slightly reduced, the response current of the rDA-MIP-GE (curve b) to EC restoration rate is still as high as 92%. NMIP-GE (curve d) has the lowest response current because the lack of specic binding sites makes the absorption of EC an intermolecular indiscriminative absorption process. The signicant differences in the detection of DPV for different electrodes indicates the specic absorption performance and its excellent switchability by the Diels-Alder reaction of the rDA-MIP. More details regarding the electrochemical sensor performance can be seen in the ESI, S5.4 to S5.5. † It should be noted that all of the absorption and electrochemical experiments are conducted in aqueous solution at ambient temperatures. It remains unclear whether the thermally switchable molecular recognition function can be directly in situ turned on or off at increased temperatures, and further investigation is required to understand this.
Conclusions
In this study, the Diels-Alder (DA) reaction is applied in the synthesis of MIPs by a reversible chemical reaction between the special molecular structures in the system, which gives the synthesized novel MIP the characteristics of thermally switchable performance, and intelligent thermally reversible molecularly imprinted performance. The MIPs were synthesized and characterized using FT-IR, 13 C NMR and SEM, which indicated that DA bonds were successfully introduced into the two target products to form two novel imprinted polymers with thermally reversible characteristics. The performance test shows that the product has better thermal performance. The absorption experiments show that the products synthesized materials have good specic absorption properties and the recovery rate remains at 88% aer recycling ve times. Scatchard model analysis and Langmuir model simulation were used to compare the binding characteristics of the MIP and its DA product binding sites, and both of them show better binding properties than those of 5 electrodes which were prepared and a sensor that was constructed. CV and FRA detection conrmed that the target electrode was successfully prepared. The DPV electrode showed that the DA-MIP and rDA-MIP had better absorption properties for EC. The relation between the response current and the absorption time was analyzed. It was shown that the MIP-GE and rDA-MIP-GE had the same current response trend and the enrichment time was short. Absorption specicity is also good. The present experimental results provide new information towards the possible development of intelligent materials. This new synthesis method can be used in the eld of solid phase extraction, thin layer chromatography and so on.
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